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1. Abstract
4

The Commercial Hardware and Microgyro  (C}lpG) ex] ]crimcnt was cfcsigncd  to demonstrate the
feasibility of using commercial off-the-shelf modu]cs (PCMCIA cards) and microclcctromcchanical
sensors (M F. MS) on space missions and to obtain performance data on both i n a deep-space environment
so as to gain a better undcrstarlding of these two technologies which promise to reduce the cost, mass and
power of future spacecraft. Simultaneously, the experiment was to proviclc information and resources to
Mars Pathfinder (MPI:)  which could enhance that mission’s value.

I?or various technical and programmatic reasons, the rxpcrimcnt  was radically dcscopcd  and the
“commercial hardware” aspect of the experiment was virtual] y eliminated. This paper discusses the
original concept, the problems encountered in its implcmentatiot},  and the CUI  rent state of the experiment.

2. Introduction

2.1 History
The concept for the CHpG experiment originated in March duc to the potential availability of a

slot in the VMFi chassis of the Mars Pathfinder (MPF) Attitude and Information Management (AIM)
Systcm. This slot was budgeted for EEPROM  for flight software bu[ would possibly not be required.
CHpG was designed to exploit this opportunity by providing information ancl resources which were useful
for the MPF mission. Funding for the effort was obtained in April, prilnarily  from the New Millennium
Program as part of its efforts to quickly demonstrate bl cakthrough technologies in operational
environments.

The most demanding aspect of the project was that it had to be developed, tested, and delivered
for integration into MPF by the end of 1995, despite the fact that the proposed MIiMS gyro existed only as
a concept and that the electronics had to reside in a flight-critical component of a JP1. spacecraft. Both of
these issues turned out to bc more daunting than anticipated. By July the team was three weeks behind on
a six-month schedule and it was apparent that something had to change. Various options were discussed
by tbc team and when all the factors were weighed, the best option appeared to bc to pursue only the
micro gyro development and the electronics needed to support it

This paper describes both the microgyro  experiment which is still bc.ing pursued as well as the
original concept so that the lessons learned are not lost.

2.2 SUccess Criteria
This experiment was to be considered successful if it provided technology demonstration value,

Pathfinder mission enhancement, and early deliverables to the New Millennium Program (NMP). Table 1
shows how we attempted to quantify the contributions of the various succcss  criteria in the technology,
Pathfinder, or NMP domains for which CHpCi would bc judged. As it turned out, this quantification was
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inslrumcntrrl  in helping the team make the dcscoping  decision. The followin[!  sections dcscribc each of
these clcmcnts  in more detail.

Table 1. Success Criteria and Quantification.

Success Ilcment Success Criteria

“T=%

Tech. MPF  N M P
Rapid Dcvclopmcnt dc]ivcry within cost and schcdulc 2 0%0 20%—— —-—
MEMS Gyro in-flight characterization oQtrlorniance ?0%—-
PCMCIA Flash Memory

_.-— ..-.
radiation data for Flash memories ? ()~~,— — —  — - — - - —  — . . .

Mars lIDI.
—.-—

rlynarnic  attitude data for all of EDI ~ 60%.—
Memory Capacity provide additional non-volatile rncri[ory 305Z0

—- ..— ———

17ault l’ro(cction flight-qualification of very low cost rate sensor ‘“20%” 1 O$zo 30%
Cost Savings show cost reductions using COTS nlacro- 20V0 5070

2.3 Technology l)cmonstration Value
The M1lMS cxpcrimcnt will use a micro-machined gyro (micl ogyro). l’he space environment

will provide the opportunity to gather performance data in a hard vacuum. Bccaasc of the very small
feature sizes of micro-mechanical devices, the density of the operational atmosphere is a key operational
pararnctcr.  Although these dcviccs can and will bc tested in a laboratory environment, extrapolations to
space vacuum arc not necessarily valid. This aspect of MEhlS performance is presently unexplored.
Although these first rnicrogyros  will have inadequate performance for inertial navigation, they will k
sufficient to measure angular rates. In particular, a complemctlt of three of these devices could provide
fault-protection information (e.g., to de-tumble) for almost no mass, power, or’ volume.

Commercial components, standards, and processes wrre to bc demonstrated using two of tbc
credit-card size PC Cards 1 dcvclopcd for the notebook computel  industry. ‘1’he data acquisition functions
for the gyro cxpcrimcnt  were to be provided by a PC Card to simplify development. A high-density F1ash-
mcmory  PC Card will demonstrate a low-cost 1 Gb (gigabit) non-volatile mass storage device (akin to a
solid state rccorclcr).  Part of the effort was intended to gain a better understanding of the difficulties of
using COTS components in a flight scenario. The usc of com~[lcrcial  components could result in higher
Single-Event Effects (SEE) due to energetic particles than is generally anticipated for WL spacecraft. Part
of the experiment was to measure SEE rates and demonstrate n litigation effects which are cxpcctcd to bc
generically applicable to such components. This type of experi]ncnt cannot bc performed in a laboratory
environment. Although the Pathfinder environment is relatively benign from a radiation perspective, it
provides a balance between the desire to enhance the mission and the desire to gain data from possibly-
damaging radiation doses.

2.4 Value to Mars l’athfinclcr
l’hc MIMS gyro cxpcrimcn(  will provide inertial attitude rate in fornmtion  to heIp characterize

the Pathfinder Entry, Descent, and Landing (EDI.)  operations. This information will be provided after
post-processing tclcmctry data from the experiment. Pathfinder dots not presently have sensors to provide
this information. Additionally, the gyros may be of value during the cruise phase, particularly in the area
of fault detection and rccovcry.  The 1 Gb of non-volatile mass storage was to be available for non-critical
storage (e.g., overflow science data or programs).

-———. -. —.
1 PC Card  is a trademark of the Personal Computer Memory Cal d Industry Association (PCMCIA). PC
Card and 1’CMC1  A are used interchangeably throughout this document.
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2.5 Value to New Millennium Program
As MEMS technologies arc expected to play a significant role in Nhfl’, it is expcctecl that the

early investigation a rcprcscntativc dcvicc will accclcratc the dejdoyrncnt  of otbcrs. Additionally, the usc
of microgyros for fault-protection can rcducc NMP mission risk. It was hoped that demonstrating
PCMCIA modules would cicmonstrate  the ability to significantly rcducc  the cost of implementing flight
cxpcrimcn[s.  While this aspect of the experiment has been dtoppcd, conllnc[cial parts are being used
cxtcnsivcly on the board and lhc PCMCIA cards arc being furlher  investigated oukidc  of the context of
this cxpcrimcnt.

3. Microgyro Technology

3.1 Motivation
Although many Mf”;MS cxpcrimenki  could have bcilcfitcd from the Mf’F opportunity, the

iirllitatiol~  of``noapcrturcs'  'rcstrictcd thechoiccs  toirlcrtial  oratmosphcric sensors, e.g., gyroscopes and
pressure sensors. A gyroscope was very appealing to Pathfinder because while tbc dynamics of the entry,
dcsccnt, anti landing phase (EDL) were intercs[ing to the rncchanical design team, there were no sensors
provided for observing thcm; traditional gyros were sinqdy too bcavy to justify ttlcir inclusion.

Tbcrc are many approaches to buiiding  a g,yroscopc; many varieties of spinning mass gyros
(“iron gyros”), optical gyros, and resonating gyros have been qualified and used on spacecraft. In the last
few years, the ability to build rncchanical devices using the fabrication techniques of the semiconductor
electronics industry has prcscntcd a ncw means of implementing gyros.

The rnicrogyro  effort was begun at JPL in Dccembcr 1994. A survey of other efforts indicated
that vibratory gyros had the best properties of any approach (re Iativc to other micromachincd gyros). A
near-term performance target of 10 degree/hour of bias instability was set and preliminary clcsigns  were
investigated. This performance is somewhat better than that of tactical-grade c]uartz vibratory gyros.
While not sufficiently quiet to allow long-term inertial navigation, it is good enough for short-duration
attitude maneuvers and fault-protection requirements. Moreo\er,  it was felt that achieving this target
would provide ample opportunities for determining the limits of the technology.

After funding for the CHUG experiment was approved, development c)f the microgyro began in
earnest. The first device was fabricated in June and a functional device was produced in July.

The support electronics for the microgyro  posed a sigl!ificant design chailenge. The capacitive
pick-offs of the microgyro provide a total capacitance on the order of picofarads and a signal-induced
variation on the order of fcmtofarads.

Figure 1 shows the configuration used for charactcrizi]lg  the micro~yro  for sensitivity, signal-to-
noisc ratio, scale factor, drift rate, environmental sensitivity y, etc. The gyro and its support electronics are
mounted within a bell jar which is, in turn, mounted on a rate table. The bc.11 jar is necessary for vacuum-
environmcnt  characterization. The microgyro  and support electronics are mounted on a secondary plate
within the bell jar so as to not require modifications to the jar’s vacuum base. The vacuum base and the
bell jar arc elevated on “stilts” (approximately 30 cm long) to prt~vide clearance for cables and the vacuum
hose which must clear the rate table. The support cquipmenl consists of a l’C-based data acquisition
system (provided by the Cassini Project), power supplies and, possibly, sip,ual generators. The data
acquisition system is conncctcd to a remote workstation where data analysis is performed using
LabVIIiW.

As of the time of this writing (early August), a barely-discernible signal has been dragged out of
the noise floor of the onc of the first microgyros. Efforts are proceeding and it is expcctcd that more detail
will be available for the conference presentation.
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4. PC Card Technology

PC Cards provide examples of commercial technologies and standards which can bc exploited for
spacecraft electronics elements. The technology offers a very compact and mature packaging approach, a
simple communications interface which supports fault-isolati(m, and an existing product base which
supports rapid prototyping and module dcvelopn]ent2. One of the original goals of CHpG was to
demonstrate two of these cards in a space environment.

As originally conceived, the experiment was to host two PC Cards in dual-height sockets. One of
the cards would provide the analog and digital 1/0 supporl  fo[ the microgyro  experiment. The second
card would be a Flash disk with a capacity of 175 MB. }Ioth of these cards were 10 be off-the-shelf items.

The National instruments DAQCard-700  is a low-pow’er analog input, digital, and timing I/O
board in a PCMCIA Type II form-factor. The board contains a 12-bit successive-approximation A/D
convcrtcr  with 16 single-ended or 8 differential analog inputs, 8 lines of ‘1-1’1 .-compatible digital input, 8
Iincs of digital output, and two 16-bit counter-timers. It is capatlle of sampling up to 100 kS/s into a 512
sample FIFO. Self-calibration reduces DC-offset errors to *1 LSB (with a coincident code-range
reduction to -2024 to +2023).

The SunDisk 175 MB Flash disk is the largest such device presently available. It presents the
user with an intcrftrce  which is identical to a hard disk and sirllilarly non-volatile (and presumably SEX

2 Additional information on PC Cards is available in the poster-session paper by the author entitled
“Using the PCMCIA Standards in Space”.
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immune). Read times rrrc 100 ns and write times arc about 10 ps. This dcvicc was to bc investigated as a
camiidatc solid-state rccordcr for very low-cost missiorts.

The TIII rcquircmcnt  for MPF is 500 rad. Since csscn[ially  all senliconcluctors  can withstand at
Icas( this Icvcl, TID was not considcrccl  an issue. The MPF cllargcci particle environment is dominated
almost exclusively by the galactic cosmic ray background since it will fly near solar minimum. Part of the
purpose of’ the cxpcrimcnt  was to test the susceptibility of an entire commercial rlmdulc to this particle
cnvironmcn[. In the case of the Flash disk, it was desired [o observe the cffcctivcncss of the inicgral
(56,64) Reed-Solon~on COCIC which protects data.

The MPF AIM thermal environment is -35°C to + 50°C opcralin~ and -50°C to + 50”C
nonopcratirlg and this would appear to prestmt a significant hurdle for cornnlcrcial  clcctmnics.  IIowcvcr,
tbc microgyro  would bc the cruise environment is a much more benign -5°C {o + 50°C. The Iowcr  limit of
this range is just slightly outside the commercial tcmpcraturc  range but this was not dccmcd a problcm
since the microgyro experiment would terminate at the end of the cruise phase. The Flash disk would be
exposcci to the -35°C opcm[ing  and -50”C nonoperating cnvironmcn[s. 11’ot [unatcty, SunDisk makes
industrial temperature range dcviccs  ancl these have been tested down to -50°C opcratirrg.

PC Cards arc designed for the terrestrial mar kct; even in a tightly cncloscd space such as a PC
Card, convective heat transfer is very efficient. Some modifications arc necessary for the space
environment to improve thermal conductivity. If hcrrncticity is riot a rcquircmcnt,  a possible solution is to
simply fill the internal cavity with a thermally-conductive insulator (e.g., alumina-tilled epoxy).

5. Experiment Owrview

S.1 Functional Block Diagram
Figure 2 shows the major functional blocks of the original CIIpG and their interconnection.

Three single-axis micromachined gyros provide three axes of acceleration and sockets arc provicicd  for
two PC Cards. The figure shows the “firewall” which protects the flight-critical VME bus from faults in
the cxpcrirncnt. The intcrfacc to tbc VME bus is provided by a singie FI’GA  (Actci  1280A) bccausc  of its
demonstrated radiation toicrancc and inciusion  on the MPF Quaiificd Paris I ist. While the F1’GA  is
suppiicd from the +5V VMJ~ power, the rest of the boarxicd draws power from a +30V supply which is iess
critical to systcrn operation. Local power is completely isolated and current.-lirnited. Additionally, the
board is a VMIi siavc (i.e., it cannot control the bus) so thal it physically cannot corrupt the bus by
initiating extraneous bus traffic (“babbling”). To the right of the fircwaii, any parts can used under the
assumption that any fauits caused by thcm wiii bc prevented from affecting the host.

The VME interface was selected to ensure minimal imi~act on the host systcm. KS-232 and M1l,-
STD-155313  were considered but both require more Iesources (c.g,, power ancl cabling) than the VMU.
Similarly, the range of cxpcrimcnts considereci  for the board is Iimitcd to those which do not require any
access to the outside, either via cables or any form of aperture.
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q’hc current block diagram, liigurc 3, shows the ravag(s  of descoping. The PC Card support is
gorrc as is the I:PGA implementation of the intcrfacc. ]nstcad, tlic VMI~ in[crfacc  and the data acquisition
functions arc inq)lcmcn(ing using simple integrated circuit functions (c. E., gates, latches, D/A converters).
Sacrificing (hc IYGA was cionc primarily for schcdulc reasons. in addi(ion to the time required for dcvicc
design and simulation, the approved proecss  for Pathfinder AIM FPGAs was for thcm to be programmed
by Hughes (in order to control pararnctcrs  relating to reliability). This process required three weeks lead
time and, on top of lhc normal FPGA dcvclopmcnt cycle, this creatccl a schcdulc risk. However, in
making this cbarrgc,  the problcrn of finding qualified parts for [hc “firewall” bccamc harder than simply
acquiring onc FPGA since more than one small-scale part would touch the VMli  intcrfacc. Fortunately,
acceptable parts were available from the excess stocks of ot hcr p[ ojccts.

A more fundamental problem is illustrated in Figure -4 which shows the original board layout
planform for the 6U-Stretch form-factor which is used on Pathfinder. ‘f’hc  real-estate allocated for the
microgyro support electronics was totally inadequate. Currently, these electronics occupy bctwccn  three
and four times as much space as planned.
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6. Lessons Learned
We still don’t know if CHyG  will fly on Pathfincier. The usc of the VMIi slot is contingent on

additional PROM not being nccdcd for the flight software. Ripht now, Pathfinder software is sufficiently



large that the additional memory  may WC1l bc nccdcd. }Iowcvc],  even without a flight, the effort itself has
been worthwhile. If nothing CISC,  wc have learned a 10[.

Onc problcm which certainly contributed to (he schcd(llc slip was the lack of a properly-dcfinccl
focus. Since the team cicfincd its own requiremcnls, Ihc . . . was sometimes lacking. In particular, wc ciicl
not identify “demonstrate PC Cards in space” as the only requircmerrt  for that half of the cxpcrimcnt. The
rcquircmcnt  tended to be thought of as “demonstrate PC Card technology in space. ” While only subtly
different, the di ffcrcncc  profound] y affects the outcome. Without the proper focus, wc found ourselves
trying to make a somewhat generic PCMCIA interface FPGA and a VMti catd which could bc used by
others. While these arc worthy goals, they impeded our progress. Frequently, wc found ourselves asking
“How hard would it bc to add feature XYZ?” liven asking the question slowed us down. Had wc
idcntitlcd  the FPCTA and the VME carrier as ncccssary tools for demonstrating the PC Cards but which
were to bc discarded after the experiment, we would have quickly reached a very simple design.

But solving the digital interface problems woulci not have solved [hc gyro support electronics
real-estate problcm. This could only have been solved by having done more of the job earlier. This
ctcsign was done; it just happened to bc in parallel with the dwlopmcnl  of the wt~olc package.

Onc might conchrdc  that the fundamental lesson is not to take on a job which is not well
understood. Certainly, the microgyro  dcvclopmcnt problems, the inadequate support electronics real-
estatc, and the PCMCIA interface spccitication delay would have been substantially mitigated by knowing
more initially. However, it is probably equally true that deadlines and the cxcitcmcnt  of a fast-moving
flight cxpcrimcnt  motivate individuals to accomplish more that] they might ordinarily do with the same
time or fiscal resources. Certainly, the team members who pa! ~icipatcd feel that they would rather have
tried and stumbled than to have never tried, We have alread) learned valuable lessons and our future
endeavors will consequently bc better.
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As with any project, the technology doesn’ t make or break the effc)rt; the people do. It has been a
pleasure to work with a very capable team. Barry Goldstein first identified the possibility of a “ride” and
asked the author for a conceptual design. }Ie then presented the idea with Joc Savino to Kane Casani, the
New Millennium Program Manager, who agreed to fund the work and then pul ICC] the people together to
do the job. Tony Tang has worked long hours to get a gyro to work and Randy Barhnan  has tried to keep
other options open by talking with outside venclors. Greg Pixler and Brian Martin worked minor miracles
to design low-noise circuits which could pull a signal out of the device. Ektwin Montgomery and Tim
Brooks designed the digital interfaces. Dale Brundigc laid out a PWB with far too many traces for the
space he was given. Gary Ortiz kept up with a dynamic lllcchanical configuration. D’Arty Tyrell
provided software support. I’hc author provided overall system design and consistency with the
Pathfinder cicsign team.
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